Unlike postmitotic tissues in vivo, transduction of cultured cells is poor with recombinant adeno-associated virus (rAAV). The ability of rAAV to transduce cells is greatly enhanced by a variety of agents that induce DNA damage and is elevated in cells defective in the ataxia telangiectasia gene product (ATM), showing increased genomic instability. Here we show that DNA double-stranded break (DSB) repair pathways are involved in the regulation of rAAV transduction efficiency. By quantitative chromatin immunoprecipitation, we found that Ku86 and Rad52 proteins associate with viral DNA inside transduced cells. Both proteins are known to competitively recognize hairpin structures and DNA termini and to promote repair of DSBs, the former by facilitating nonhomologous end joining and the latter by initiating homologous recombination. We found that rAAV transduction is increased in Ku86-defective cells while it is inhibited in Rad52 knockout cells. These results suggest that binding of Rad52 to the rAAV genome might be involved in processing of the vector genome through a homologous recombination pathway.
Adeno-associated virus type 2 (AAV-2) is a defective human parvovirus presenting a biphasic life cycle, with productive replication occurring only in the presence of a coinfecting helper virus (reviewed in reference 8). In the absence of helper functions, the virus persists in infected cells as a latent viral genome (33) . The characteristics of the AAV life cycle and its ability to infect several nondividing cell types, including muscle, liver, and brain cells, in the absence of host inflammatory or immune responses render this virus an excellent tool for gene transfer for human gene therapy (21, 32, 36, (57) (58) (59) .
Despite the increasing popularity of recombinant AAV (rAAV) vectors and the successful applications of AAV-mediated gene transfer in preclinical and clinical studies (3, 14, 31) , the molecular mechanisms responsible for efficient rAAV transduction are still poorly defined. Recombinant AAVs are able to efficiently bind and enter a large number of cells by using widely expressed molecules as receptors (41, 51, 52) . After internalization, however, functional rAAV transduction appears to be limited at different steps, including escape from endosomes and nuclear transport (19, 27) , uncoating (6) , and conversion from single-stranded to double-stranded DNA (48, 56) . Even in highly permissive tissues, transgene expression takes several weeks to reach its maximal level and is often preceded by a lag period (58, 59) .
In cultured cells, overexpression of adenovirus E4ORF6 increases the efficiency of rAAV transduction, and comparable enhancement can be obtained by treating cells with agents that affect genomic DNA integrity or metabolism (4, 20, 43) . Both of these effects correlate with an improved conversion of the vector genome into double-stranded DNA (20, 21) . These observations lead to the possibility that permissivity for AAV transduction could be linked to the induction of DNA damage checkpoints or DNA repair mechanisms that mediate replication of single-stranded DNA AAV genomes. The proteins and the molecular pathways involved in such responses are still largely unexplored. In this respect, the phosphorylated form of an unknown cellular single-stranded DNA-binding protein has been shown to negatively regulate viral second-strand DNA synthesis by its association with the AAV genome termini (40) .
Here we investigate the fate of rAAV genomes in normal cells and in cells with defective DNA repair pathways and describe the direct molecular interaction between AAV DNA and proteins involved in double-stranded DNA break repair and recombination.
MATERIALS AND METHODS
Cell cultures. Cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum. Chinese hamster ovary (CHO-K1) cell lines were maintained in high-glucose (4.5 g/ml) DMEM.
To obtain the K8 hamster cell clone, we produced the cDNA coding for the wild-type Chinese hamster Ku86 protein by reverse transcription (RT)-PCR amplification of CHO-K1 total RNA. The cDNA was inserted into the expression vector pcDNA3 (Clontech, Palo Alto, Calif.), and its nucleotide sequence was determined. This plasmid was transfected in the V15B, Ku86-deficient and radiation-sensitive, hamster cell line, and individual G418-resistant clones were selected and analyzed for restoration of resistance to gamma radiation. The K8 clone displayed response to gamma radiation similar to wild-type cells and was used in the subsequent experiments. Rad52 ϩ/ϩ and Rad52 Ϫ/Ϫ primary fibroblast cell cultures were established from skin explants of newborn wild-type and Rad52 Ϫ/Ϫ derivative C57BL/6 mice strains. The heterozygote Rad52 ϩ/Ϫ mouse strain was obtained from A. Pastink (Leiden University Medical Center, The Netherlands). Individual mice from heterozygote breeding progeny were genotyped for MmRAD52 by PCR analysis of DNA isolated from tail tips as described (42) . Stable Rad52 ϩ/ϩ and Rad52
Ϫ/Ϫ cell lines were obtained by spontaneous transformation of continuously in vitrocultured primary fibroblasts. Immortalized xeroderma pigmentosum fibroblasts cell lines XP3BRSV and XP12ROSV and Cockaine's syndrome cell line CS1AN 5392 were kindly donated by M. Stefanini (Consiglio Nazionale delle Ricerche, Pavia, Italy).
The MRC5CVI and AT5BIVA cell lines were obtained from F. d'Adda di Fagagna (The Wellcome/CRC Institute, Cambridge, United Kingdom). The AT1 BR, AT3 BR, and HCT116 cell lines were obtained from the European Collection of Cell Cultures (Wiltshire, United Kingdom). All other cell lines were purchased from the American Type Culture Collection (Rockville, Md.) Antibodies. A polyclonal antiserum was raised against recombinant human Rad52 (hRad52). The His-tagged hRad52 protein was overexpressed in Escherichia coli using the expression plasmid pFB581, kindly provided by S. West (Imperial Cancer Research Fund, Clare Hall Laboratories, Hertfordshire, United Kingdom). The protein was purified by affinity chromatography on Ninitrilotriacetic acid -agarose (Qiagen GmbH, Hilden, Germany) as previously described (7) and used for rabbit immunization. The serum was reactive against human Rad52 in Western blot and immunoprecipitation. Anti-Ku86 polyclonal serum was obtained as already described (15) . Anti-USF-1 rabbit polyclonal antibody (C-20) was purchased from Santa Cruz Biotechnology, Santa Cruz, Calif.
rAAV vector preparation and characterization. rAAV-green fluorescent protein (GFP) vector was prepared from plasmid pUF-5, kindly provided by N. Muzyczka (University of Florida, Gainesville) (61) . Virus stocks were generated in 293 cells, cultured in 150-mm-diameter petri dishes, by cotransfecting each plate with 15 g of the vector plasmid together with an equimolar amount of the packaging/helper plasmid pDG (kindly provided by J. A. Kleinschmidt [26] ), containing AAV and adenovirus helper functions. Forty-eight hours posttransfection, rAAV virions were released from the cells by three freeze-thaw cycles and purified by ammonium sulfate fractionation and CsCl 2 gradient centrifugation as described (49) . The rAAV titer was determined using pooled, dialyzed gradient fractions by a competitive PCR procedure (16) . For this purpose, one pair of 20-bp primers were selected in the AAV-GFP genome, complementary to sequences in the cytomegalovirus (CMV) promoter and amplifying a segment of 243 bp (CMV1, 5Ј-ACGGTAAACTGCCCACTTGG-3Ј, and CMV2, 5Ј-CTTG GAAACCCCGTGAGTC-3Ј) (Fig. 1C) . A competitor DNA fragment with the same sequence as the target amplification fragment but containing a 20-bp internal deletion was constructed according to an already described procedure (13) . This fragment (223 bp) was purified, cloned into pGEM-T Easy cloning vector (Promega), and quantified.
To measure the number of viral genomes in vector stocks, 5 l of each fraction was sequentially digested with 10 U of DNase I (Boehringer Mannheim) per ml for 30 min at 37°C, followed by 5 min of inactivation at 95°C. Proteinase K (Boehringer Mannheim, Mannheim, Germany) was sequentially added at 100 g/ml and incubated for 2 h at 56°C. To quantitatively detect AAV DNA in transduced cells, three primer pairs were selected, corresponding to DNA sequences in the AAV-GFP vector (primers CMV1and CMV2, mapping in the CMV promoter controlling GFP expression) and the human lamin B2 locus (primer pair B48SX and B48DX, mapping to a DNA replication origin [1, 23] , and primer pair B13SX and B13DX, corresponding to a control region located Ϸ5 kb away). (C) The competitor for competitive PCR quantification of AAV DNA was a DNA fragment corresponding to the AAV vector PCR product with an internal 20-bp deletion. The competitor for quantification of B13 and B48 in the lamin B2 locus contains the B48 and B13 primers arranged to amplify DNA segments of different lengths than the respective genomic targets. (D) Fixed amounts of lysates from AAV-transduced cells were mixed with scalar amounts of competitor DNA and PCR amplified with the different primer pairs. After amplification, gels were stained with ethidium bromide, and the competitor (Comp.) and AAV or genomic DNA (G) bands were quantified. According to the principles of competitive PCR (22) , the ratio between the amplification products in each reaction is linearly correlated with the input DNA amounts for the two species. Lanes M, molecular size markers. Molec., DNA molecules. (E) The number of AAV DNA molecules per cellular genome molecule (as evaluated by B48 and B13 quantification) was calculated in MRC5 cells either untreated or treated with HU and transduced with AAV-GFP. Quantification was performed at 48 h after transduction.
principles of the competitive PCR technique has been provided elsewhere (16, 22, 53) . The titers obtained for the several preparations used in this work ranged between 5 ϫ 10 10 and 5 ϫ 10 12 genomes per ml. Transduction and analysis of cell cultures. Cells were seeded in 30-mmdiameter dishes (3 ϫ 10 5 cells) 24 h before infection. AAV-GFP was added to the cultures at a multiplicity of infection of 10 2 particles per cell, as estimated from the number of AAV DNA genomes, in 2 ml of DMEM-10% FCS and left overnight. When indicated, cells were preincubated for 16 h with 1 mM hydroxyurea (HU) (Calbiochem-Novabiochem Corporation, Darmstadt, Germany) from 1 M stocks dissolved in water; with 1 M camptothecin (Calbiochem) from 1 mM stocks dissolved in dimethyl sulfoxide; with 0.15 U of bleomycin (Calbiochem) per ml from 15-U/ml stocks dissolved in water; and with mitomycin C at 10 Ϫ7 M (Kyowa Italiana Farmaceutici, Milan, Italy) from 10 Ϫ5 M stocks dissolved in water. After chemical treatment, cell cultures were washed with fresh medium immediately before incubation with AAV-GFP. Cells were exposed to UV radiation (254 nm) in a UV Stratalinker (Stratagene, La Jolla, Calif.) immediately before vector addition. After an additional 48 h, cells were examined for GFP expression by fluorescence microscopy or flow cytometry.
AAV-GFP DNA present in transduced cells was quantified by quantitative PCR. Cells were washed extensively with 2 M NaCl and incubated with trypsin (0.5 g/liter) for 2 to 3 min to strip any residual virus attached to the cell surface. In a control experiment, we observed that such treatment significantly reduced (over 50-fold) the amount of vector genomes adsorbed to the cell membrane but not yet internalized (data not shown). A fixed amount of cells was subsequently dissolved in lysis buffer (10 mM Tris HCl [pH 8.0], 0.05% NP-40, 0.05% Tween 100) and treated with DNase I (10 U/ml) for 30 min at 37°C and with proteinase K (100 g/ml) for 2 h at 56°C. A fixed amount of diluted lysate was mixed with scalar amounts of competitor, and PCR was performed as described above.
Quantitative ChIP. Ten million cells (293, MRC5, or AT-5), either treated or not treated with 1 mM HU, were infected with AAV-GFP as described above. After 48 h of incubation, cells were fixed with formaldehyde for 5 min and treated as described by Orlando et al. (38) . Quantitative chromatin immunoprecipitation (ChIP) was performed as already described (34) with minor modifications. Chromatin pellets were resuspended in 1 ml of RIPA lysis buffer 50 (50 mM Tris-HCl [pH 7.5], 50 mM NaCl, 1% sodium deoxycholate, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate [SDS], 2 mM EDTA) with protease inhibitors (500 M phenylmethylsulfonyl fluoride, 1 M leupeptin, 1 M pepstatin; Pharmacia, Uppsala, Sweden). Each sample was sonicated in Eppendorf tubes with 25 cycles of 10 s each at maximum power in ice. Sonicated chromatin was centrifuged to spin down cell debris and incubated with the appropriate antibodies overnight at 4°C in order to immunoprecipitate protein-DNA cross-linked complexes.
After incubation, 40 l of a 50% suspension of protein A-Sepharose CL-4B beads (Pharmacia) in TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA) was added. After a 1-h incubation at 4°C, beads were pelletted and washed three times with 1 ml of RIPA buffer 150 (RIPA lysis buffer with 150 mM NaCl). Pellets were then resuspended in 100 l of TE buffer and digested with 5 U of DNase-free RNase (Boehringer Mannheim) for 30 min at 37°C. The proteinbound immunoprecipitated DNA was then sequentially digested with proteinase K (300 g/ml) (Sigma Chemical Co., St. Louis, Mo.) in 0.5% SDS-100 mM NaCl for 6 h at 65°C to revert cross-links. DNA was extracted with phenol-chloroformisoamyl alcohol, precipitated with ethanol, and resuspended in 50 l of distilled water for competitive PCR quantification.
Primer sequences and amplification conditions for the B48 and B13 DNA segments in the lamin B2 genomic region have already been described (23) . The multicompetitor molecule containing B48 and B13 primer recognition sequences (34) is depicted in Fig. 1C . Values obtained from the quantification of the B13 region were used as an internal control to normalize the total DNA concentration recovered in the different samples. Results of the AAV genome quantification were expressed as fold enrichment with respect to values obtained using the anti-USF control antibody. Since the anti-USF antibody immunoprecipitates cross-linked B48 but not the adjacent B13 genomic region, the ratio between these two values was used as a positive ChIP control in each experiment.
RESULTS

Efficiency of AAV transduction is enhanced by genotoxic agents.
To gain insights into the molecular mechanisms that govern intracellular permissivity to transduction with AAV vectors, we studied the properties of an AAV construct containing a CMV-GFP cassette (61) . Transduction of human MRC5 fibroblasts with this viral preparation at a multiplicity of infection of 10 2 particles per cell resulted in few fluorescent cells after 48 h. However, when cells were treated by overnight incubation with 1 mM HU, the efficiency of transduction rose to more than 40% GFP-positive cells, in agreement with published results (4, 43, 47) (Fig. 1A) .
To verify that the effect of HU was related to molecular events occurring after virus internalization, we developed a competitive PCR procedure to quantitatively assay the amount of cell-associated AAV DNA with respect to cell genomic DNA. For this purpose, we designed one primer pair in the AAV-GFP genome and two primer pairs in a single-copy genomic region in human chromosome 19p13.3, corresponding to the lamin B2 genomic locus (23) (Fig. 1B) . For each of these primer pairs, competitor DNA fragments were constructed that contain the respective primer recognition sites at a distance which is different from that of the target DNA (Fig. 1C) . Competitors were constructed according to an already described recombinant PCR procedure (22) .
AAV DNA quantitation experiments were performed by lysing AAV-transduced cells and mixing fixed amounts of the cell lysates with known amounts of competitor DNAs. Figure  1D shows two representative competitive PCR gels for the quantification of DNA segments in the AAV genome (AAV) and in the human genome at the B48 and B13 segments of the lamin B2 locus. In each experiment, quantification was carried out by mixing a fixed amount of cell lysate DNA with scalar concentrations of competitor, followed by amplification with the respective primers. According to the principles of competitive PCR, the ratio between target and competitor DNA amplification products exactly reflects the input ratio of the two DNA species, independent of amplification efficiency, maintenance of the exponential phase of the reaction, or presence of nonspecific amplification products (22) .
By using this procedure, we analyzed the number of AAV DNA genomes inside the cells at 48 h after transduction, after cell treatment to release any residual virus associated with the cell. We consistently found that 50 to 70% of input virus DNA was recovered inside the cells in both untreated and HUtreated cells (Fig. 1E) . Thus, HU acts at a step that is subsequent to virus entry inside the cells. In keeping with similar experiments (46) , by Southern analysis of Hirt extracts obtained from transduced cells which were not treated with HU, we found that most of the viral genome is maintained in a single-stranded form (not shown). This DNA is clearly unavailable for transcription.
AAV transduction in cell lines with altered DNA repair pathways. HU is known to generate DNA damage in cellular DNA by blocking progression of DNA replication forks and to induce a checkpoint response (39) . Induction of AAV transduction in human MRC fibroblasts as well as in human epithelial 293 and HeLa cells and hamster epithelial CHO cells was not restricted to HU but was also observed as a consequence of cell treatment with other agents known to damage DNA, such as UV radiation (254 nm), mitomycin C (10 Ϫ7 M), camptothecin (1 M), and bleomycin (0.15 U/ml) (see Fig. 3 and data not shown), in agreement with previous findings (4) .
It has been proposed that AAV DNA processing might be induced by activation of DNA repair mechanisms that follow DNA damage recognition inside the cells (4, 20, 21) . Therefore we set out to study the efficiency of AAV-GFP transduction in cell lines which are defective in different pathways of DNA repair. These included human immortalized xeroderma pigmentosum fibroblasts XP3BRSV (xeroderma pigmentosum group G) and XP12ROSV (xeroderma pigmentosum group A), which are defective in nucleotide excision repair; the Cockaine's syndrome cell line CS1AN 5392 (Cockaine's syndrome group B), defective in transcription-coupled nucleotide excision repair; and an hMLH1-defective colorectal carcinoma cell line, HCT116, defective in mismatch repair. Analysis of the percentage of GFP-positive cells 48 h after transduction showed similar results for all these cell lines, with values that were in the same range of those of wild-type cells (Fig. 2A) . Moreover, in all these cells, transduction efficiency was increased to the same extent as in wild-type cells by treatment with HU ( Fig. 2A) , camptothecin, or UV (not shown). These results clearly rule out a major role of these repair pathways in regulating rAAV transduction efficiency.
We then investigated cells defective in the ATM protein, a serine protein kinase belonging to a family of large proteins with a phosphatidylinositol 3-kinase domain that plays a central role in cellular signaling in response to DNA DSBs (5, 12) .
Three immortalized ataxia telangiectasia (AT) human fibroblast cell lines from patients affected by the autosomal recessive disorder AT were used to study AAV-GFP infection. As shown in Fig. 2B , all these cell lines showed increased permissivity, with numbers of GFP-positive cells three to eight times higher than in wild-type cells. This finding is also visually evident from the panels of Fig. 3A , showing increased basal permissivity of one of the AT clones (AT5). This result is in agreement with similar findings reported by J. Engelhart and collaborators using different AT cells (45) . Incubation of the AT gene product ATM-defective cells with a genotoxic agent such as HU, UV, or mitomycin C before infection had a limited effect on AAV transduction, indicating that the efficiency of AAV DNA molecular processing is already at nearly maximal levels in these cells (Fig. 2B, 3B, and 3C) .
Proteins involved in DSBs repair bind to AAV genome. Under normal growth conditions, AT cells retain higher levels of unrepaired chromosome breaks and intramolecular recombination than normal cells (35) . Thus, a likely possibility is that enhanced AAV vector transduction in these cells is consequent to activation of proteins which participate in DSB recognition and repair. Two factors involved in these processes are Rad52 and Ku. The former protein initiates repair by homologous recombination; the latter, acting as the heterodimeric DNAbinding component of DNA-protein kinase (PK), is important for repair by nonhomologous end joining. Both proteins bind directly to broken DNA termini as well as single-stranded or hairpin DNA (15, 25, 55) .
To assess the possible in vivo interaction between Rad52 and/or Ku86 (the larger subunit of the Ku heterodimer) with the AAV genome, we developed a modified ChIP (38) . This technique is based on the cross-linking of protein-DNA and protein-protein complexes within the cell by formaldehyde treatment, followed by chromatin sonication, immunoprecipitation with specific antibodies, and precise quantification of the immunoprecipitated DNA segments by quantitative PCR (34), as outlined in Fig. 4 . Quantification of the immunoprecipitated DNA is carried out by using a competitive procedure that exploits the properties of the competitor DNA fragments shown in Fig. 1C . Should a protein bind to a DNA segment, this segment will be specifically immunoprecipitated with an antibody specific for this protein and will turn out to be enriched over background in the total immunoprecipitated DNA.
Analysis of the protein-DNA interaction at selected DNA regions (Fig. 1C) was performed in wild-type MRC5 cells, untreated or preincubated for 16 h with 1 mM HU, and in AT cells 48 h after infection with AAV-GFP. In each experiment, the technique was validated by immunoprecipitation with an antibody specific for transcription factor USF; our previous results demonstrated the presence of a USF target site in the B48 genomic region (15, 23) and the actual in vivo binding of the factor to this sequence (1, 2). Indeed, immunoprecipitation with the anti-USF antibody resulted in the enrichment (Ϸ35-fold) for the B48 DNA segment with respect to the Ϸ5-kbdistant B13 region in the same locus (Fig. 5B ). This enrichment was found both in wild-type cells either treated or not treated with HU and in AT cells. Figure 5A reports a representative ChIP experiment performed on chromatin from untreated 293 cells using antibodies against USF, Ku, and Rad52. DNA fragments recovered from the immunoprecipitated chromatin were mixed with scalar competitor amounts and PCR amplified to detect enrichment for AAV and B13 DNA. The table on the right side of Fig. 5A shows the results of quantification, indicating, in this experi- ment, specific 4-fold and 7.5-fold enrichments for AAV DNA using anti-Ku and anti-Rad52 antibodies, respectively. The USF antibody as well as antibodies against glutathione S-transferase (GST) or a rabbit preimmune serum (controls in Fig.  5C ) always failed to immunoprecipitate the AAV CMV DNA segment. By contrast, after immunoprecipitation with polyclonal antibodies against human Rad52 and Ku86, a notable enrichment for this region was consistently observed, both in wild-type and in AT cells (Fig. 5C and 5D , respectively), indicating that both proteins interact with the AAV genome inside the cells.
Treatment of wild-type cells with 1 mM HU still permitted detection of protein-bound AAV DNA for both factors. However, binding was decreased with anti-Ku and further increased with anti-Rad52 antibodies, suggesting that HU-induced permissivity to AAV transduction correlates with a change in the ratio between the number of cellular AAV-Ku and AAVRad52 complexes. For the ChIP assay shown in Fig. 5D , no HU data were included because this drug does not significantly enhance rAAV transduction in AT cells (Fig. 2B) . However, enrichment for Ku and, even greater, for Rad52 is clearly observed also in AT cells, suggesting that DSB repair proteins are active in these cells as they are in normal cells.
AAV transduction of cells defective in Ku and Rad52. To assess the functional significance of the molecular interactions between AAV DNA and the Ku and Rad52 proteins, we tested AAV transduction in cells genetically defective for either of these factors. V15B is a Chinese hamster cell line which is deficient for the Ku86 protein and exhibits high sensitivity to ionizing radiation compared to the original parental cell line V79B (28) . We complemented the Ku86 defect in V15B by stable transfection of hamster Ku86 cDNA. Among different transduced clones, one (named K8) was selected, exhibiting ␥-ray sensitivity similar to wild-type V79B cells (data not shown).
Analysis of GFP-positive cells 2 days after exposure of V15B and K8 cells to AAV-GFP vector showed reproducibly increased transduction (Ϸ5-fold) in mutant V15B compared to reconstituted K8 cells and parental V79B cells (Fig. 6A) . Permissivity to rAAV of both wild-type and mutant cell lines was quite low in untreated cells (0.23 and 0.16% average positive cells for parental V79B and reconstituted wild-type K8 cells, rAAV DNA ASSOCIATION WITH BREAK REPAIR PROTEINSrespectively, and 0.85% for mutant V15B cells), but it was induced Ϸ20-fold by incubation with HU. After HU treatment, the percentage of GFP-positive cells was again Ϸ5 times higher in Ku-defective than in wild-type cells (Fig. 6A) .
To assess the role of Rad52 in AAV vector transduction, we established Rad52
Ϫ/Ϫ fibroblast cell cultures starting from skin explants of Rad52 Ϫ/Ϫ homozygous newborn mice, which were obtained by crossing Rad52 ϩ/Ϫ heterozygotes (42) followed by F 1 progeny screening. In both primary and spontaneously transformed fibroblast cultures, efficiency of AAV-GFP transduction was reproducibly lower than in Rad52 ϩ/ϩ control primary fibroblasts. In both cases, preincubation of these cells with 5 mM HU increased by 3-to 5-fold the overall number of GFP-positive cells, but the relative permissivity for transduction did not vary (Fig. 6B) .
Altogether, these results indicate that both Ku and Rad52 contribute to determine permissivity for rAAV transduction by exerting opposite functions, the former protein being an inhibitor while the latter is an activator.
DISCUSSION
Postentry events that lead to efficient transduction of AAV vectors are poorly understood. These events include processing of AAV particles in endosomes, lysosomal escape, nuclear import of the AAV genome (6, 19, 27) , and single-stranded DNA genome conversion to long-lasting double-stranded DNA molecules (20, 21) . In this study we sought to investigate the molecular mechanisms that take part in this last step of rAAV processing.
After infection, in the absence of viral helper functions and AAV Rep proteins, the incoming viral genomes rely solely on cellular proteins for the conversion of their single-stranded genomes to molecular species suitable for long-term transgene expression. Since agents that alter DNA integrity and metabolism are able to increase AAV-mediated gene transduction by more than 10-fold, it appears likely that the activation of cellular stress response or DNA repair pathways allows vectors to overcome the existing barriers. The survey of cell lines defective for major DNA repair pathways excludes a major involvement in AAV DNA processing of DNA repair mechanisms such as nucleotide excision repair, including transcription-coupled repair and global genome repair, and mismatch repair. By contrast, we found that cells defective in the ATM protein display considerably higher transduction efficiency, in agreement with reported results (45) .
The reason for this enhanced permissivity is not clear; however, the metabolic state of these cells is highly likely to be the major determinant of increased AAV transduction, in particular their propensity to accumulate unrepaired DSB damage to genomic DNA. The ATM protein is indeed an important caretaker of genome integrity, and it is central to the activation of the cellular response to DNA DSBs (35) . AT cells are characterized by hypersensitivity to ionizing radiation together with multiple cell cycle checkpoint abnormalities, hyperrecombination, and excess of apoptosis (10, 35) .
In eukaryotic cells, DSBs are repaired through two alternative and competing pathways, nonhomologous end joining and homologous recombination (55) . In both cases, these pathways require the interaction of damaged DNA with DNA-binding proteins that recognize the lesion. These proteins are the Ku heterodimer, composed of 70-and 86-kDa subunits, for nonhomologous end joining and Rad52 for homologous recombination. Both of these factors interact in a sequence-independent manner to free DNA ends, hairpin loops, single-strand nicks, or gaps (11, 25, 55) . The single-stranded AAV genome and its terminal hairpins are likely to represent suitable substrates for such proteins inside the cells.
By in vivo quantitative chromatin cross-linking experiments, we indeed found that both Rad52 and Ku physically associate with AAV genomes inside the cells. We also found that stimulation of AAV transduction by HU, a drug causing stalling of replication forks, which are unstable and prone to breakage and restoration by recombinational repair (39) , modulates binding of AAV DNA to the two proteins by increasing interaction with Rad52 and decreasing that with Ku86. These results are consistent with a model in which the single-stranded AAV genome is competitively bound by the two proteins once it has entered the cell. While Ku inhibits further maturation of AAV DNA, the fraction interacting with Rad52 is processed through a homologous recombination pathway for doublestranded DNA conversion, leading to a substrate suitable for gene expression. The observation that, even in Rad 52
Ϫ/Ϫ cells, treatment with HU enhances rAAV transduction efficiency is in line with the poor phenotype of these cells that are not completely defective for homologous recombination (42) . In fact, many members of the Rad52 epistasis group appear to have redundant functions in higher eukaryotes. This model is also consistent with the finding that cells defective for Ku86 and impaired in nonhomologous end joining are more permissive to AAV transduction than their wild-type, matched counterpart. This behavior is similar to what was reported by Tauer and colleagues for the autonomous parvovirus minute virus of mice in X-ray-sensitive, Ku-defective cell lines (54) .
Components of the nonhomologous end-joining machinery have also been shown to play an essential role in chromosome telomere length maintenance by preventing end-to-end fusion of chromosomes. Several experiments indicate that Ku physically associates with telomeric DNA and that this function is conserved from yeasts to humans (9, 24, 29) . The exact mechanism of such interactions is not yet clear, but it is intriguing to imagine that the cell would treat the genome termini of parvoviruses as specialized DSBs. In this case the components of the nonhomologous end-joining repair would prevent the endto-end recombination and/or successful single-stranded to double-stranded DNA conversion of the viral vector. Additional support for the involvement of DSB repair pathways in rAAV processing also comes from a recent report by T. Flotte and coworkers, who showed that in vivo transduction of skeletal muscle of SCID (DNA-PK defective) mice results in altered processing of rAAV DNA compared to normal muscle (50) .
In contrast to Ku, interaction of AAV DNA with Rad52 can be envisaged as a facilitator of single-stranded DNA processing, since in Rad52-defective cells AAV transduction is poorer than in wild-type cells. These functional data and the evidence that the Rad52 protein physically binds to AAV DNA suggest the involvement of the homologous recombination pathway in AAV DNA postentry processing. In transduced tissues in vivo, rAAV genomes mostly persist as episomal DNA molecules, with the formation of high-molecular-weight concatemers suggesting the occurrence of frequent intra-and intermolecular recombination events (17, 60) . The Rad52 protein might participate in concatemer formation, since the protein is known to bind DNA ends, protecting them from exonuclease degradation and facilitating repair of gaps by homologous recombination (55) .
The involvement of homologous recombination in the processing of AAV genomes is also suggested by a series of recent findings indicating that annealing of complementary singlestranded rAAV genomes with positive or negative polarity and subsequent intermolecular linking could represent a major mechanism for the formation of double-stranded, high-molecular-weight concatameric rAAV species (18, 37) . Finally, additional support for the involvement of homologous recombination in AAV DNA processing is given by the observation that vectors based on AAV can recombine with homologous chromosomal human target sequences at rates close to 1%, which is the highest targeting frequency obtained in normal human cells (30, 44) .
In conclusion, these data provide a molecular basis for the understanding of rAAV genome processing in vivo. In particular, our observation that proteins active in DSB repair physically interact with rAAV genomes in vivo provides a link to the longstanding evidence that genotoxic agents boost AAV infection and indicates that interaction of DSB repair proteins with AAV DNA inside the cells modulates transduction efficiency. The observation that both Rad52-and Ku-defective cell lines still vigorously respond to HU treatment by increasing permissivity for AAV transduction clearly indicates that these are not the only proteins involved in AAV DNA replication or solely determine its efficacy. The identification of other cellular partners for this process still represents a challenging task.
